Introduction
The growth, development, and maintenance of tissues depend on the co-ordinated induction of gene expression brought about by the actions of polypeptide growth factors and other humoral factors. Many growth factors have been implicated in these processes (Cross & Dexter 1991) . Understanding how these factors contribute to a physiologically appropriate outcome depends on how well we know the biological and structural properties of the components involved. We and others have characterized a novel family of putative growth factors, the granulins (Bateman et al. 1990) or epithelins (Shoyab et al. 1990 ), some of which can modulate the growth of epithelial and mesenchymal cells in vitro. The granulins are small proteins of about 6 kDa that are derived from a larger precursor of approximately 590 amino acids , Plowman et al. 1992 ); both the 6-kDa peptide and the intact precursor have been found to modulate cell growth. The granulins have no exact homology with any other family of regulatory proteins, but show several qualitative similarities with the epidermal growth factor/transforming growth factor alpha (EGF/TGF ) family, particularly with respect to their structural organization. In this review, we will first show that the granulins are prototypic members of a family of peptides with unique structural features. We will then discuss the evidence that has recently emerged for considering the granulins and related proteins as novel autocrine and paracrine regulators of cellular proliferation that modulate epithelial and haemic cell function.
The granulin peptides
Granulins have been isolated from several sources. All are approximately 6 kDa, and are characterized by a unique and highly conserved motif of 12 cysteines consisting of four cysteine pairs flanked by two singletons towards both the amino and the carboxy termini (Table 1) . We initially purified mammalian granulins from extracts of human inflammatory cell exudates, and from rat bone marrow (Bateman et al. 1990) , as part of a study of the peptide biology of inflammation. Four granulins, A, B, C and D, were isolated from the human inflammatory cells. The most abundant of these, granulin A, was characterized in full using microsequencing techniques. Partial aminoterminal sequences were obtained for granulins B, C and D, and these indicated that all four human granulins were closely related. A fifth human granulin, granulin F, has recently been isolated from urine (Sparro et al. 1997) . Other studies have also indicated that human urinary extracts including the beta-core fragment contain granulin-like peptides (Kardana et al. 1993 , Heine et al. 1997 . Rat granulin A purified from extracts of bone marrow was also characterized by microsequence analysis and found to be highly homologous to its human counterpart.
The association of granulins with haematopoietic tissues spans the entire vertebrate kingdom, as granulins have also been isolated from the spleen and head kidney of a teleost fish, the carp (Belcourt et al. 1993) . Three forms of carp granulin were purified from these haematopoietic tissues, and subjected to complete sequence analysis. Granulins are not, however, confined to blood cells. Other investigators purified and partially sequenced two growth regulatory peptides from rat kidneys, which they called epithelins 1 and 2 (Shoyab et al. 1990) . A comparison of the structures of epithelins 1 and 2 with the rat peptide purified from bone marrow showed that rat granulin A and epithelin 1 are identical, with the exception that the first residue of the amino terminus is absent in the epithelin 1. At present, only granulin A/epithelin 1 and granulin B/epithelin 2 have been shown to have biological activities, and the actions of the other granulins, if any, are unknown.
Granulins have subsequently been purified from equine neutrophils (Couto et al. 1992) , the goldfish intestine (Uesaka et al. 1995) , and the pars intercerebralis of the locust nervous system (Nakakura et al. 1992) . In addition, granulin-like sequences occur in the genome of the nematode, Caenorhabditis elegans (Berks 1995) . The antiquity of the granulin motif, indicated by its presence in nematodes and insects, even pre-dates the radiation of animals from plants. The genes for several inducible thiolproteases in plants encode a carboxy-terminal subunit harbouring 14 cysteine residues, 12 of which align with those present in the granulins derived from animal tissues (Schaffer & Fischer 1988 , Watanabe et al. 1991 , Granell et al. 1992 . The granulin-like domain may serve to regulate thiolprotease activity in plants (Berti & Storer 1995) . Familial resemblances in the three-dimensional structures of proteins are not always apparent in their linear amino acid sequences and, intriguingly, the granulins show some similarity with EGF in their respective tertiary structures. The secondary structure of carp granulin has been solved using two-dimensional nuclear magnetic resonance (2D NMR) spectroscopy (Hrabal et al. 1996) . This revealed a novel protein architecture of four stacked -hairpins with an axial rod of disulphide bridges, and with the peptide chain twisting through a left-handed super-helix (Fig. 1) . Despite their lack of primary sequence homology, the -hairpins I and II of carp granulin can be partially superimposed on the secondary structure of the EGF/TGF family of growth factors (Hrabal et al. 1996) . The steric homology between the granulin/ epithelin motif and the EGF family of peptides may indicate an underlying similarity in the way peptides from these two families interact with their respective receptors and other target proteins.
The granulin precursor
The predicted protein sequence of the precursor for the human , Plowman et al. 1992 , rat (Plowman et al. 1992 , Bhandari et al. 1993 , mouse (Plowman et al. 1992 , Baba et al. 1993a , and guinea pig (Baba et al. 1993a) granulins have been reported. Each precursor contains a secretory signal sequence and seven and a half repeats of the 12-cysteine granulin motif (Fig. 2) . In humans, the precursor is 593 amino acids long, and each of the five human granulins that have, to date, been isolated as individual peptides is represented in the common precursor , Plowman et al. 1992 . One of the granulin/epithelin repeats, granulin G, has only ten of the typical 12 cysteines , Plowman et al. 1992 , but computer modelling studies suggest that this structure remains compatible with the stacked -hairpin granulin fold (Hrabal et al. 1996) . The organization of the precursor, as tandem cysteine-rich motifs, is reminiscent of that of the precursor for EGF (Gray et al. 1983 , Scott et al. 1983 , echoing the partial steric homology between the granulin and EGF peptides. However, unlike the EGF precursor, pro-granulin has no obvious hydrophobic membrane-spanning sequence. The human gene is located on chromosome 17 , and the murine gene on chromosome 11 (Baba et al. 1993b) . The protein-coding region of the granulin gene is constructed of 12 exons. The intronic splice sites are positioned approximately in the middle of each granulin motif such that, at the genetic level, the 12-cysteine motif is split into two hemigranulin subdomains , Baba et al., 1993b . Interestingly, close inspection of the 2D NMR data for carp granulin 1 indicates that this peptide consists of amino-and carboxy-terminal subdomains connected by two disulpide bridges. In the mammalian forms of granulin, each of the corresponding domains is encoded on separate exons. Exon-skipping (Plowman et al. 1992) and alternate splicing of introns (Baba et al. 1993a ) may occur, although their biological significance is unclear.
Several examples have been reported of instances in which the granulin/epithelin precursor may be important as a biologically active entity in its own right. Acrogranin is a glycoprotein of 67 kDa that is found in the acrosomal compartment of the sperm head (Anakwe & Gerton 1990) . Its amino-terminal sequence is identical to that of the granulin/epithelin precursor (Baba et al. 1993a) , and the guinea pig acrogranin cDNA sequence is closely homologous to the sequences encoding pro-granulin/ epithelin from human, rat and mouse (Baba et al. 1993a) . As sperm move along the epididymis, there is partial proteolysis of the acrogranin to form four smaller fragments of between 22 and 62 kDa (Anakwe & Gerton 1990 ). This Bateman et al. 1990 , Shoyab et al. 1990 , Plowman et al. 1992 Belcourt et al. 1993. c Nakakura et al. 1992 . d Berks 1995 (http://www.sangar.ac.uk/Projects/C_elegans/wormpep_fetch.shtml, enter keyword granulin). e At least four of five residues identical.
indicates that processing of the precursor protein may occur at specific sites, most probably between selected cystine-rich motifs.
PC cells are highly tumorigenic murine adipogenic teratoma cells that secrete a high molecular weight autocrine growth factor (Serrero et al. 1991) . Peptide mapping experiments and cDNA sequencing have shown that a candidate for this PC-cell-derived autocrine growth factor is identical, or very closely related, to the intact murine granulin/epithelin precursor (Zhou et al. 1993) . Many tissues, particularly those that are rich in epithelial cells, contain a cell growth promoting factor of approximately 25 kDa, called epithelial transforming growth factor, or TGFe (Halper & Moses 1983 , 1987 . TGFe was distinguished from other growth factors by its proliferative activities on indicator cell lines, its chromatographic Figure 1 The three-dimensional structure of carp granulin 1: a novel molecular architecture of four stacked -hairpins. (Reproduced with permission from Hrabal et al. 1996.) properties, and its receptor-ligand displacement characteristics (Halper & Moses 1983 , 1987 . Partial sequence analysis has shown that bovine TGFe has the same amino-terminal sequence as has granulin A (Parnell et al. 1992) . It is likely that the growth factor, TGFe, is a high molecular weight member of the granulin/epithelin family. It is unknown at present whether TGFe is a large fragment of the granulin/epithelin precursor, or the product of a related gene. The amino acid composition of purified TGFe (Parnell et al. 1992) suggests that it may be a separate gene product.
Biological activities
The 6-kDa granulin/epithelin family display a complex interplay of agonistic and antagonistic effects on mammalian cell growth in vitro. Epithelin 1 stimulates the proliferation of murine keratinocytes in culture. In the presence of TGF , it promotes the anchorageindependent growth of rat kidney fibroblast NRK-SA6 cells (Shoyab et al. 1990) , which is a diagnostic assay for transforming growth factor activity. In contrast, both epithelin 1 and epithelin 2 inhibit the growth of the epidermoid carcinoma A431 cell line (Shoyab et al. 1990 ). These activities resemble those of EGF and TGF , but neither member of the granulin/epithelin family binds to the EGF receptor (Shoyab et al. 1990) . Epithelin 2 has no reported proliferative effects, but at an approximately ten-fold molar excess it antagonizes the mitogenic action of epithelin 1. The difference in activity between the two peptides may indicate which epitopes in epithelin 1 are responsible for its proliferative actions. The growth of the human breast tumor cell line, MDA-MB-468 (Culouscou et al. 1993) , is inhibited by both epithelins 1 and 2, with ID 50 values of 58 nmol/l and 333 nmol/l respectively. Ligand-binding studies using this cell line revealed two classes of binding sites for epithelin 1, one with a dissociation constant of 2 10 10 mol/l and 290 sites per cell, and a second, low-affinity binding site with a dissociation constant of 10 8 mol/l and 32 000 binding sites per cell. The presence of binding sites for these peptides on these cells further supports the hypothesis that granulin/ epithelin gene products regulate epithelial cell function. Whether these two binding sites represent distinct molecular species, or an equilibrium between high-and low-affinity states of the same species, as seen after receptor dimerization, is unknown. Binding is highly specific as, from a panel of 14 growth factors and cytokines each at a 500-fold molar excess, none was able to displace 125 Iepithelin 1 from the putative receptor. Although epithelins 1 and 2 have different biological potencies, their affinities for the receptor were found to be identical. Chemical cross-linking experiments suggest a molecular weight of about 140 kDa for the putative receptor (Culouscou et al. 1993) .
The murine adipogenic teratoma PC cell line secretes the granulin/epithelin precursor intact (Zhou et al. 1993) . PC cells were derived from a moderately tumorigenic cell line, 1246-3A, by an in vitro-in vivo shuttle technique (Serrero et al. 1991) . PC cells form tumours in syngenic mice when as few as 10 4 cells are injected; this is two orders of magnitude more tumorigenic than the parental 1246-3A cell line (Serrero et al. 1991) . Despite being highly tumorigenic, PC cells are refractory to most growth factors such as the EGF/TGF family, insulin and insulinlike growth factors I and II (IGFs), and TGF , but they are highly sensitive to the proliferative effects of the granulin/ epithelin precursor, with an ED 50 of approximately 2·5 ng/ml (Zhou et al. 1993) . In this case, the granulin/ epithelin precursor may act as a high molecular weight autocrine growth factor for these cells. The precursor also stimulates the growth of the murine embryonic 3T3 cell line (Zhou et al. 1993) .
Although the exact relationship between TGFe and the various products of the granulin/epithelin precursor remains unresolved, there is strong evidence, as discussed above, that they are members of the same family (Parnell et al. 1992) . TGFe is a potent mitogen for epithelial and fibroblastic cells (Halper & Moses 1983 , 1987 , Brown & Halper 1990 ). Its effects on SW13 cells, which are derived from a human adrenocortical carcinoma, have been studied extensively. In common with the PC cells, SW13 cells depend on an autocrine factor for growth, but do not respond mitogenically to most 'classic' growth factors such as EGF and TGF , insulin and the IGFs, or TGF , although they do respond to members of the fibroblast growth factor family (FGFs) (Halper & Moses 1983) . Their proliferation is, however, remarkably sensitive to TGFe, with ED 50 values for pure TGFe reported to be as low as 0·5 ng/ml in soft agar assays (Halper & Moses 1983 , 1987 , Parnell et al. 1990 ). SW13 cells secrete TGFe (Dunnington et al. 1990b) , and a putative receptor for TGFe on SW13 cell membranes, with an approximate molecular weight of 170-175 kDa, has been identified by cross-linking studies (Parnell et al. 1995) . It is, therefore, probable that TGFe is an autocrine factor for SW13 cells. Although TGFe appears to be closely related to the granulin/epithelin family, the peptides do not share identical activities. For example, TGFe promotes the anchorage-independent growth of the squamous epidermoid line, A431 (Halper & Moses 1987) , the growth of which in monolayer culture is inhibited by granulin A (Shoyab et al. 1990) .
Clearly, several independent investigations have converged on granulin/epithelin gene products and the related TGFe as regulators of cellular proliferation. However, they may have other activities. Goldfish granulin suppresses the spontaneous contraction of the circular muscle of the oesophogastric muscle in seawater eels (Uesaka et al. 1995) . Equine granulin E is reportedly antimicrobial (Couto et al. 1992) , which may indicate a cytoprotective function for granulin-like peptides, although the concentrations needed to kill microorganisms, in the range 100-200 µg/ml, are rather high, and may not occur in vivo.
Tissue and cell distribution
To appreciate better the role of peptides and proteins derived from the granulin/epithelin gene, it is essential to know the context in which they occur within the organism -that is, where and when they are expressed.
The cellular and tissue distribution of mRNA for the granulin/epithelin precursor and immunoreactivity implicate the granulins and related proteins as multipurpose factors, with roles in the haematopioietic system, epithelial cell function, and the reproductive system. Most mammalian cell lines that have been examined express the granulin/epithelin precursor mRNA in vitro, but its expression is particularly high in epithelial and some haematopoietic cell lines , Plowman et al. 1992 . A detailed analysis of granulin/epithelin precursor mRNA distribution has been conducted in the adult rat (Bhandari et al. 1993) . The highest levels were found in the placenta and spleen (Fig. 3) ; levels were also high in several reproductive tissues, notably the ovary and epididymis, and intermediate levels were observed in the vas deferens, seminal vesicle and testis. There was no detectable difference between ovarian expression in pregnant and non-pregnant rats. Expression was high in the adrenal, and intermediate in the kidney, lungs, colon, ileum and duodenum. The lowest levels of mRNA expression were in skeletal muscle and the brain. In situ hybridization has shown that the granulin/epithelin precursor mRNA is confined to epithelial cells in the kidney, intestine and lungs (Bhandari et al. 1993) . Because granulin/epithelin-related peptides act on epithelial cells, and epithelial cells express putative granulin/epithelin and TGFe receptors (Culouscou et al. 1993 , Parnell et al. 1995 , the expression of the precursor mRNA in epithelial cells in vivo supports the hypothesis of an autocrine role for members of the granulin/epithelin family in regulating epithelial cell growth. No hybridization was detected in muscle cells, connective tissue or endothelium (Bhandari Figure 3 The relative distribution of granulin mRNA in adult rat tissues. Levels of mRNA were standardized against 18S ribosomal RNA, and then expressed relative to the level found in the kidney, which was given a nominal value of 1. Each bar represents the mean of three or more separate determinations. cx.en.: cortex enriched; p: pregnant; np: non-pregnant. (Reproduced with permission from Bhandari et al. 1993.) et al. 1993) . Antisera raised against acrogranin detect the protein only in the acrosome (Anakwe & Gerton 1990) ; however, acrogranin cDNA probes detect the mRNA in somatic tissues (Baba et al. 1993a) , and an acrogranin-like protein can be immunoprecipitated from metabolically labelled primary cultures of somatic cells (Baba et al. 1993a) . This suggests that, in somatic tissues, the precursor either is processed to a form that the acrogranin antisera cannot recognize, or is not stored, but diffuses away in the extracellular matrix. Antisera against carp granulin detect the peptide in macrophage-like cells in the spleen, skin, gills and intestine (Belcourt et al. 1995) . Immunostaining was not observed in other tissues, but this may have been a result of low and non-focal expression. Bioassays of TGFe activity from chromatographic fractions of tissue extracts show that TGFe-like bioactivity is present in many tumours, notably those of epithelial rather than mesenchymal origin, including all colonic adenocarcinomas, and most renal cell carcinomas (Halper & Moses 1983) . TGFe is also present in normal tissue such as the bovine kidney (Halper & Moses 1987 , Dunnington et al. 1990a , Parnell et al. 1990 .
Little is known of the factors that regulate granulin/ epithelin gene expression. However, both the human and mouse promoter sequences have been characterized (Baba et al. 1993a , Bhandari et al. 1996 . Both promoters lack a TATA box, and contain numerous potential regulatory elements, among which those that respond to inflammatory cytokines, such as IL-6RE and the NF-IL-6 binding sites, are conserved between the human and mouse genes. No steroid response elements are present in the 5 promoter regions, suggesting that the high levels of pro-granulin mRNA detected in reproductive organs are not a direct result of the action of sex steroids on these tissues.
Summary
The granulin/epithelin motif defines a family of structurally unique proteins, of great evolutionary antiquity, which have been implicated as regulators of cell growth. Recurrent in granulin research are the surprising parallels between the granulin and EGF systems. Both are cysteinerich peptides of approximately 6 kDa that can modify cell growth. They show similar, but not identical, biological activities, although granulin/epithelin peptides do not bind EGF receptors; the three-dimensional folds of granulin and EGF are partially superimposible; and the precursors for mammalian granulin/epithelins and EGF are both organized as multiple repeats of conserved cysteine modules. Given the dissimilarity between amino acid sequences of members of the granulin/epithelin family and EGF-related peptides, the parallelism between the two systems probably represents convergent evolution towards related solutions to common biological problems.
The granulin/epithelin precursor gene is expressed throughout the body, but its expression is predominantly in epithelial and haematopoietic cells. There is a great deal of versatility in the means by which cells process and handle the granulin/epithelin precursor. In some instances, the precursor is secreted intact (Zhou et al. 1993) , and in others it is stored in a vesicular organelle, such as the sperm acrosome (Baba et al. 1993a) . It may be processed into small 6-kDa peptides, which, in the neutrophil, can also be stored in vesicles (Bateman et al. 1990 , Couto et al. 1992 . The 6-kDa peptide forms, the intact precursor, and related proteins such as TGFe, regulate the growth of epithelial and mesenchymal cells. Epithelial cells express putative receptors for granulin/epithelin peptides and TGFe (Culouscou et al. 1993 , Parnell et al. 1995 . Thus, although much remains to be clarified, granulin/epithelin polypeptides and related proteins are emerging as widely distributed potential autocrine and paracrine growth modulating factors for epithelial and mesenchymal cells.
